Aim-To determine whether pancreatitis associated protein (PAP) is a marker for cystic fibrosis which could be used in neonatal screening for the disease. Methods-PAP was assayed on screening cards from 202 807 neonates. Babies with PAP > 15 ng/ml, or > 11.5 ng/ml and immunoreactive trypsinogen (IRT) > 700 ng/ml were recalled for clinical examination, sweat testing, and cystic fibrosis transmembrane regulator (CFTR) gene analysis. Results-Median PAP value was 2.8 ng/ml. Forty four cases of cystic fibrosis were recorded. Recalled neonates (n=398) included only 11 carriers. A receiver operating characteristic curve analysis showed that PAP above 8.0 ng/ml would select 0.76% of babies, including all those with cystic fibrosis, except for one with meconium ileus and two with mild CFTR mutations. Screening 27 146 babies with both PAP and IRT showed that only 0.12% had PAP > 8.0 ng/ml and IRT > 700 ng/ml, including all cases of cystic fibrosis. Conclusion-PAP is increased in most neonates with cystic fibrosis and could be used for CF screening. Its combination with IRT looks promising. (Arch Dis Child Fetal Neonatal Ed 1999;80:F118-F122) 
Cystic fibrosis (CF) is one of the most common autosomal recessive genetic disorders in Caucasian populations. 1 It is caused by a mutation in the cystic fibrosis transmembrane regulator (CFTR) gene. 2 In the absence of eVective treatment, neonatal screening for it is restricted to a few countries. 3 However, Farrell et al 4 recently showed that early diagnosis by screening was beneficial so that interest in it is likely to increase. 5 The current standard screening test, the immunoreactive trypsinogen (IRT) assay, has improved since its first description by Crossley et al in 1979, 6 but its false positive rate of up to 1% remains a matter of concern. 3 7 The rationale for IRT testing is that duct obstructions by protein plugs develop in utero in the CF pancreas, 8 leading to enzyme leakage into the blood. However, transient obstruction of the ducts of an otherwise healthy pancreas could also lead to increased blood IRT, so reducing the specificity of screening. One solution would be to couple IRT with detection of F508, the most common CFTR mutation in Caucasians. 9 This strategy is used in several countries, but has the drawback of unwanted carrier detection. 10 11 In addition, it might not be applicable for populations in whom the mutation is less prevalent. 12 Finally, it is irrelevant in countries where informed consent is required by law before any DNA testing.
Studies on acute pancreatitis led us to consider using the blood concentration of pancreatitis associated protein (PAP) for CF screening. PAP is a secretory protein that is absent from the healthy pancreas and synthesized in high amounts after sustained pancreatic stress. 13 Thus PAP may already be synthesized in utero in the CF pancreas and present in blood at birth. A pilot retrospective study 14 showed that IRT negative and most non-CF IRT positive neonates had normal PAP, whereas PAP was increased in neonates with CF.
We report here the results of PAP testing of 202 807 neonates. The aim of this prospective multicentre study was to establish the distribution of PAP values in neonates, to define the range of PAP values in CF, and to assess the relevance of PAP testing for neonatal screening for CF.
Methods
Screening cards collected at day 3 for detection of phenylketonuria and hypothyroidism were provided by the screening centres from five regions of France. Studies conducted in France to evaluate CF screening using IRT showed that the incidence varied from 1 in 3200 to 1 in 4900. 15 Assuming that the incidence in the regions participating in our study would be 1 in 4000, we calculated that a cohort size of 200 000 babies would include, with 95% confidence intervals, 38 to 62 CF babies.
Informed consent was obtained from the parents concerned before inclusion in the study.
A total of 215 437 screening cards were received over 14 months, corresponding to all neonates born during that period except for 72 whose parents refused inclusion. Among these cards, 12 630 (5.9%) were excluded because the blood sample remaining after the other screening tests were done was inadequate. Analysis was finally conducted on 202 807 neonates. Cards were coded before processing. We recalled all babies with PAP > 15 ng/ml and also those with PAP between 11.5 ng/ml and 15 ng/ml if they had an IRT > 700 ng/ml. A preliminary study had shown that these criteria would select a number of babies compatible with the handling capacities of the screening centres (less than 0.5% of the population). Recalled neonates underwent clinical examination, sweat testing, IRT assay (RIAGnost Trypsin neonatal, CIS Bio international, Gif-sur-Yvette, France), and CFTR mutation analysis after written informed consent had been obtained from the parents. Paediatricians from the regions involved were informed of the study to ensure that all infants suspected of having CF were immediately reported to the screening centres.
One screening centre (Rennes, n= 27 146) conducting CF screening on a routine basis using IRT (RIA-Gnost Trypsin neonatal, threshold 700 ng/ml) made those data available to us.
The protocol was approved by the Association Française pour le Dépistage et la Prévention des Handicaps de l'Enfant and the Commission Nationale Informatique et Libertés. Cards were received by mail from each centre twice a week and processed within five days. PAP was assayed in eluates of discs (ø 4 mm), using a commercial ELISA (PancrePAP, DYNABIO SA, La Gaude, France) with pure PAP as standard. The discs were eluted in 150 µl phosphate buVered saline overnight at 4°C. Assays were performed on 80 µl of the eluates, according to the manufacturer's recommendations. Briefly, the antigen was captured on specific IgG immobilised on the plates. Colour development was achieved by incubation with biotinylated antibodies and addition of avidinperoxidase complex and 3-3'-5-5' tetramethylbenzidine as chromogenic substrate. Optical density of the reaction mixture was read at 492 nm. Assays were performed on a DIAS Immunoassay automated system (Dynatech Laboratories, Guyancourt France). Reproducibility of the assay on serum samples was ± 5%. In card eluates it was generally within ± 10%, when the filling of the cards was adequate. PAP values above 11.5 ng/ml were checked by duplicating the assay, and decision for recall was based on the average value. PAP value obtained from a given card remained stable within two months of the sample being taken, and then decreased progressively.
DNA was extracted from white cells collected from screening cards. Samples were amplified by 40 cycles of PCR, as described before. 16 Amplification products were analysed by denaturing gradient gel electrophoresis. Sequence of the amplification primers and conditions for optimal denaturing gradient gel electrophoresis (DGGE) of the corresponding amplification products have been described before. 16 DNA sequencing was performed on single stranded DNA obtained by asymmetric PCR.
We screened recalled neonates for mutations in exons 10 and 11 of the CFTR gene. This covered 75% of CFTR mutations in the French population. When only one mutation was identified, further analysis was conducted on exons 4, 7, 19, 20, and 21, leading to a coverage of 95% of the mutations identified in that population. In neonates with CF, analysis was extended to other exons when necessary.
Results

Distribution of PAP values in the 202 807
neonates is shown in fig 1 . Lowest values were close to background whereas highest values reached 220 ng/ml. The median value was 2.8 ng/ml. The value of the 99th percentile was 7.6 ng/ml.
A total of 433 neonates (0.21% of the whole population) were recalled for further examination, of whom 21 were lost to follow up due to early death (n=11), parental refusal (n = 9), or the wrong address (n = 1). Clinical information, sweat test value, and CFTR gene analysis were obtained in 379 (87.3 %), 261 (60 %), and 386 (89 %) babies, respectively, with at least two results available for 392 babies (91%). Among the 54 neonates for whom clinical information was absent, CF diagnosis was ruled out in 39 by sweat testing (n = 21) and genetic analysis (n = 34). None of the three parameters was available in 15 babies, nine of whom were tested for IRT, which was high in four.
Thirty four recalled babies were diagnosed with CF. One had meconium ileus. Among the 398 non-CF babies, 11 were heterozygous for a CFTR mutation. A third of the babies (n = 135) were apparently healthy. Most of the other two thirds (n = 263) were inpatients. The most frequent indications were prematurity (35%), gastrointestinal tract abnormalities (15%), including Hirschsprung's disease, intestinal obstruction and necrotising enterocolitis, infections (6%) and intrauterine growth retardation. Only five cases of chromosomal abnormality were reported.
Forty four babies with CF were diagnosed during the study (1 in 4600). PAP values ranged from 4.9 to 72 ng/ml, median 15.5 ng/ml (fig 2) . The 34 cases with PAP > 11.5 ng/ml are described above. Of the 10 other cases, nine were diagnosed because of clinical symptoms, including two diagnosed at birth because of meconium ileus. The tenth, screened for raised IRT in the Rennes programme, was asymptomatic with a negative sweat test but showed two CFTR mutations ( F508/R117H).
The CFTR genotype was investigated in all infants. The F508/ F508 genotype was present in 58% of them. Other genotypes were F508/G542X (n=4), F508/N1303K (n=2), F508/I148T (n=2), F508/R117H, F508/R553X, F508/1717-1G->A, F508/ 1078delT, F508/2789+5G->A, F508/ E1308X (a novel CFTR mutation), R553X/ 394delTT, and N1303K/R553X. Two genotypes remain to be completed ( F508/N, G553X/N). All CF neonates had high IRT values. All also had a positive sweat test, except for the baby with a F508/R117H genotype (PAP = 6.8 ng/ml), who remains asymptomatic after 24 months. This baby has a 7T/9T polymorphism on intron 8 of the CFTR gene. Because the 9T is always associated with the F508 allele, the R117H is associated with the 7T, which predicts absence of CF features. No correlation was observed between the genotypes and PAP concentrations, except for mutations predicting mild pancreatic damage. CF infants with meconium ileus (n = 3) were excluded from analysis because their screening is irrelevant. 3 7 A receiver operating characteristic curve (ROC) 17 was constructed with PAP increments of 0.5 ng/ml (fig 3) . For each PAP value, the percentage of CF babies with PAP above that value (100% = 41) was plotted against the percentage of non-CF babies with PAP above the same value (100% = 202 759). That representation allows estimation of various thresholds of PAP for CF screening, keeping in mind that additional CF babies can remain unreported and that PAP values under 11.5 ng/ml were not verified by duplicating the assay. The curve predicts that to detect all CF neonates, 8% would need to be recalled, which is clearly unacceptable. However, a PAP threshold of 8.0 ng/ml, corresponding to an acceptable recall rate of 0.76%, would have selected 39/41 CF neonates. The lowest CF value above that threshold was 8.5 ng/ml. The two CF patients with PAP < 8.0 ng/ml had genotypes predicting a mild phenotype 18 19 : F508/R117H (PAP = 6.8 ng/ml) and F508/ 2789 + 5 G->A (PAP = 4.9 ng/ml).
IRT data for neonates from Rennes were obtained from the regional screening programme. The IRT cutoV for recall was 700 ng/ml, which selected 307 neonates (1.13%). The putative PAP threshold at 8.0 ng/ml determined from the ROC curve (fig 3) would have selected 268 neonates (1.0 %). False positive rate (%) True positive rate (%) Key messages + CF neonatal screening with PAP is technically feasible in the same environment as other neonatal screenings (PKU, hypothyroidism) + CF neonatal screening with PAP alone performs similarly to screening with IRT alone, with less carrier detection + Combining PAP with IRT for CF neonatal screening could be as eYcient as the IRT/DNA strategy, but would be cheaper and incur limited carrier detection + If a legal requirement for informed consent before DNA testing has expired, the PAP/IRT strategy would be an alternative to the IRT/DNA strategy That group included four heterozygotes and five CF neonates. The sixth was the asymptomatic baby (IRT = 1750 ng/ml, PAP = 6.8 ng/ml, F508/R117H) described above.
Discussion
To evaluate the usefulness of the PAP assay in CF neonatal screening the distributions of PAP values in CF and non-CF babies from the same population needed to be compared. We designed a cohort study in which PAP was assayed in 202 807 neonates, among whom 44 CF cases were detected. The incidence (1 in 4600) was in the expected range. 7 PAP was significantly higher in CF than in non-CF babies, as expected from the observation that the CF pancreas is already damaged in utero. 8 The two lowest PAP values in CF neonates (4.9 and 6.8 ng/ml) corresponded to genotypes associated with mild pancreatic phenotype, 18 19 which corroborates the correlation between PAP expression and the severity of pancreatic damage. 20 The third lowest value (7.5 ng/ml) corresponded to a baby with meconium ileus. We obtained a blood sample from that baby after the obstruction had resolved and PAP had increased to 22.1 ng/ml (day 10). Many babies with meconium ileus also have IRT values below the screening threshold. 3 It is not known why measures of pancreatic dysfunction are abnormally low in some patients with the most serious neonatal forms of the disease. ROC analysis was conducted to evaluate the performances of PAP (fig 3) . Hypotheses based on that analysis should take into account that the follow up of the cohort was 34 months for the first babies included and 20 months for the last ones. Therefore, some CF babies may remain unreported. Based on the present data, a threshold of 8.0 ng/ml would require recalling 0.76% of babies and would have detected 42/44 CF patients, including three with meconium ileus diagnosed without screening. Among the three CF babies with PAP < 8.0 ng/ml, one would have been diagnosed because he presented with a meconium ileus. The two other cases (PAP of 6.8 and 4.9 ng/ml) underscore the limitations of PAP in screening. We expected children with mild phenotype to show lower PAP values because of limited pancreatic damage. We are concerned that we could miss those with pulmonary damage, albeit limited, but whether asymptomatic babies with a genotype predicting a mild pulmonary phenotype ( F508/R117H and 9T/7T, PAP = 6.8 ng/ml) should be screened is questionable.
Comparison of the screening performances of PAP and IRT is diYcult because data for IRT depend on the cutoV chosen, which affects sensitivity and specificity. In most programmes reporting a sensitivity above 95%, the IRT cutoV generates about 1% false positive results, 10 11 as observed in the Rennes programme. This falls within the range of the predicted specificity for PAP.
We obtained information on non-CF babies with raised PAP (n = 398)by selecting those with PAP > 15 ng/ml or PAP > 11.5 ng/ml and IRT>700 ng/ml (0.21% of the population). Among them, two thirds were inpatients at birth, suggesting that besides specific damage inherent in CF, various conditions of stress can aVect the pancreas and trigger PAP expression. The pancreas of babies heterozygous for a CFTR mutation seems unaVected, as the prevalence of carriers among babies with raised PAP was the same as that of the total population. Thus detection of an excessive number of heterozygotes, a common problem using IRT in current screening programmes, would not occur with PAP. 10 11 Neonatal IRT values were available in a fraction of the population (Rennes, n = 27 146). In that sample the IRT cutoV of 700 ng/ml and the putative PAP threshold of 8.0 ng/ml would have selected similar proportions of neonates (1.13 % and 1.0 %, respectively) suggesting that, in these conditions, PAP and IRT would have similar specificities. However, there was a lack of correlation between raised PAP and IRT. Thus, as observed in adults with pancreatic diseases, 13 raised blood concentrations of PAP and pancreatic enzymes do not always reflect the same pathophysiology. Therefore, selecting babies with high PAP and IRT would increase the specificity of screening without altering sensitivity. In fact, only 0.12% of babies from Rennes had increased values for both of these variables, including all CF cases, except for the asymptomatic baby described above. This is in the range of the recall rates reported in IRT/DNA screening programmes. 10 11 A further step in DNA testing of babies selected by PAP/IRT would have decreased the recall rate to 0.03% (5 CF and 4 heterozygotes) and the false positive rate to 0.015%. Our results, although promising, were obtained in a small population and should be considered preliminary.
We concluded that high PAP values seen in most CF babies indicate that this test should be considered for CF screening. We could not thoroughly evaluate its performance because accurate assessment of the false negative rate would have required a much larger cohort, but it should be similar to that reported for IRT, with the advantage of limited carrier detection. In practice, the PAP ELISA is a reliable test which can be fully automated with standard hardware. Its cost (10 FF, £1.10, $1.75) should decrease if produced on a larger scale. Finally, a two tier strategy involving PAP and IRT would restrict DNA analysis to a much smaller population. This would improve the performance and cost of CF neonatal screening and be an obvious advantage when informed consent is required before genetic testing.
